Abstract-Filtered orthogonal frequency division multiplexing (F-OFDM) can accommodate diverse service requirements by introducing additional filtering to OFDM and flexibly adapting the filter according to the service requirement. However, when block filtering is flexibly adapted per-subband, the regular resource grid could be violated. In this letter, we propose a solution to maintain the regular resource grid for F-OFDM. The proposed solution is twofold: 1) it allocates guard bands inside the filter bandwidth, which is kept independent of guard band and 2) it introduces timing advance according to the filter used. It is shown in practically relevant scenarios that the proposed solution, despite its simplicity, performs better than another more complex approach.
I. INTRODUCTION
F UTURE mobile communications systems are expected to address a wider range of scenarios and applications than today leading also to more diverse requirements [1] . Filtered orthogonal frequency division multiplexing (F-OFDM) has recently attracted attention as a straightforward extension of OFDM to address such diverse requirements by additional filtering. This could overcome drawbacks of OFDM and introduce more flexibility, while still allowing to exploit welldeveloped techniques for OFDM (e.g., [2] , [3] ). 1 For example, a well-localized filter in the frequency domain applied to OFDM can be utilized to significantly lower the out-ofband (OOB) radiation, and thus mitigates interference between users in asynchronous access [4] . In addition, the subcarrier (SC) spacing as well as the symbol and cyclic prefix (CP) durations can be flexibly adapted per user within one band to optimize each transmission to the corresponding channel conditions and requirements [2] .
In this letter we identify that additional filtering can violate the regular resource grid structure and propose a simple, but efficient solution. It is shown through detailed analysis and simulation results that the proposed solution performs well in practically relevant scenarios.
II. IMPACT OF FILTERING ON RESOURCE GRID Fig. 1 shows a conventional F-OFDM transmitter structure. The modulated symbols are mapped to a subband (SB) 1 We consider Universal-Filtered Multi-Carrier (UFMC) in [3] as a variant of F-OFDM since its principle is per-subband filtering although some details are different from [2] . All the techniques in this letter are applicable to UFMC. comprising of M SCs and sent to an N-point inverse fast Fourier transform (IFFT) where M = k L with k ∈ {1, . . . , K } and L denotes the number of SCs of physical resource block (PRB), which is the smallest resource allocation unit and defines a regular resource grid structure, as illustrated in Fig. 2 (b) . The output signal is extended by a CP and then filtered by a block filter with bandwidth M f where f denotes SC spacing. The system bandwidth is divided into multiple SBs of certain bandwidth, each SB is filtered separately and these filtered SBs are summed and transmitted.
The filtering of each SB can be chosen differently to satisfy individual requirements by taking into account the tradeoff between time and frequency localization [4] . That is, the longer the filter impulse response is, the higher the achievable OOB suppression and the higher the robustness to asynchronous transmission result, but also the longer signal in the time domain becomes, which may introduce inter-symbol interference (ISI) and latency. Therefore, different filter lengths should be supported to accommodate diverse future requirements [2] . The required guard bandwidth inserted between SBs highly depends on the specific circumstances including filter length and shape, modulation and coding scheme, power of neighboring users, and so on. It should then be possible to choose guard bandwidth flexibly in order to have an efficient system. In this letter we assume a lowpass filter with raised cosine windowing similar to [2] .
The problem that may then occur is that when introducing the guard bands between the subbands in a straightforward Fig. 3 . Proposed F-OFDM transmitter structure with two further approaches for filter bandwidth (cf. Fig. 4 ). The number of SCs M − g for carrying data within subband is adaptively adjusted to accommodate (flexibly chosen) g guard SCs to keep the regular grid structure in Fig. 2(c) , in contrast to the conventional approach in Fig. 1 leading to the irregular grid in Fig. 2(a) . manner, the subbands will be shifted apart in the frequency direction and therefore violate the regular resource grid. Similarly, the signal of each SB in the time domain will be shifted by filter heads and tails. As discussed earlier, different filters would be required to support diverse future requirements, and thus different amount of guard bands and filter heads and tails may be introduced that could violate the regular resource grid for OFDM in Fig. 2 (b) and result in the irregular resource grid as exemplified in Fig. 2(a) . This leads to a tremendously increased overhead for signaling the shifted SB locations in the entire resource space since a simple index of regularly quantized resource space in case of Fig. 2(b) is not sufficient anymore for Fig. 2 (a) to exchange vast signaling information such as channel status reports or scheduling decisions and so on.
Next, we discuss new approaches to circumvent this irregular resource grid issue and also provide detailed analysis and simulation results.
III. REGULAR GRID STRUCTURE

A. Allocating Guard SCs Inside SB
To avoid violating the regular resource grid by inserting guard SCs in the conventional F-OFDM transmission in Fig. 1 (cf. Fig. 2(a) ), we propose to allocate guard SCs inside the SB, as exemplified in Fig. 2(c) . This is illustrated as the transmitter diagram in Fig. 3 , where the number of SCs carrying data is reduced by g which denotes the number of guard SCs and can be flexibly chosen to accommodate various future requirements as discussed in Section II.
We further consider two approaches: either a) to keep the filter fixed with a constant passband bandwidth M f independent of g where the guard SCs are allocated inside the filter passband, or b) to define multiple filters, each of which is tailored and optimized for the SB bandwidth (M − g) f according to a particular value g where the guard SCs are allocated outside the filter passband. These approaches are illustrated in Fig. 4 . Fig. 5 illustrates the more details of Fig. 4 focusing on the edge SCs of data signals and of neighbor data SB as well as the guard SCs between them. For ease of exposition we assume in this letter, without loss of generality, that the guard SCs at the both edges are equally shared, i.e., /2 = g f /2 is used at the both edges and also by each user, although any other setting is possible. The second approach, denoted as b) in Figs. 3, 4 and 5, would lead to a superior OOB property, but it makes the system much more complex as more filters would have to be defined and possibly signaled, whereas the first one, denoted as a), keeps the system simpler but may lead to a degradation of the OOB suppression. Now we investigate this effect in more detail.
1) Analysis:
This section analytically studies how the two approaches a) and b) in Figs. 3, 4 and 5 can impact the interference due to OOB radiation and also the inband distortion due to the filtering.
Let us denote as D( f ) and G( f ), respectively, the continuous signal in the interfering SB in the frequency domain and the filter shape in the frequency domain without any shift with respect to the data signal.
The inter-band interference (IBI) of the SB starting at frequency f 1 to the neighboring SB of bandwidth F can be calculated as:
for the approach a) where the data signal D( f ) is shifted by /2 according to the guard SCs carrying no data, but the filter G( f ) remains unchanged independent of the guard SCs, which are located inside the filter passband. In the similar manner we compute the IBI for the second approach b):
where the data signal D( f ) as well as the filter G( f ) is shifted by the guard SCs, which are located outside the filter passband. The average IBI is plotted versus the number of guard SCs g on the left hand side in Fig. 6 . It can be observed that filtering and guard SCs lower the interference. As expected, the best results are obtained by using filtering that is tailored for each g. Nevertheless, the proposed approach with a fixed filter allocating the guard SCs inside the filter passband also significantly improves the performance while keeping the system much simpler. The loss of the proposed approach is rather small especially for small number of guard SCs which are expected to be practical and relevant case.
Besides the interference from neighboring SBs, inband distortion introduced by the filter can degrade the performance. In order to achieve a good OOB suppression with reasonably short filters, the edge subcarriers of the passband are also affected and attenuated.
To illustrate that, the average error vector magnitude (EVM) is plotted on the left hand side in Fig. 6 . For the case of guards outside the filter, the EVM does not change when the guard is increased as the passband stays the same. But if the guard is located inside the filter passband bandwidth, the most distorted SCs of the passband are not used to transmit data but rather act as guard SCs. Thus, the inband distortion measured by the EVM decreases for the case of guard inside the filter as the number of guard SCs increases. Consequently, there are two effects from filtering: one is the interference coming from neighboring interferer and the other is the inband distortion due to the non-perfect passband. As the both effects are most significant at the edges of a band, the signal to interference plus noise ratio (SINR) of the edge SCs is a good measure to compare different approaches. This is illustrated on the right hand side in Fig. 6 where we show the average SINR for the two outmost SCs for the same setups as before. It can be clearly seen that in case of the guards inside the band the combination of inband distortion and interference leads to even better SINR than in case the guard is outside the filter. The simulation results in the later section confirm these observations.
B. Introducing Timing Advance
As we discussed in Section II applying block filters with different lengths result in unequal amounts of filter heads and tails that could violate the regular resource grid (cf. Fig. 2(a) ). Besides the increased signaling overhead discussed in Section II, this also makes receiver processing more complex as the received signal may have to be segmented and processed multiple times for detecting several signals that are filtered by different filter lengths corresponding to different service requirements. The effect may become significant if the filter length exceeds CP, for example, in order to have sufficient OOB suppression. It has a similarity to the asynchronous access in the uplink due to different propagation delays. Here, the asynchronism is caused by the filters that are differently applied to accommodate various service requirements.
To keep the regular grid structure in the time direction, as in Fig. 2(c) , and therefore avoid processing complexity at the receiver, it is straightforward to introduce a timing advance (TA), for the LTE uplink transmission, but in this case depending on the filter used (cf. Fig. 3) .
Although the problem and solution are explained for uplink transmission, downlink transmission is of relevance since various service types are expected to be supported simultaneously in the downlink as well, perhaps by using different filters.
IV. SIMULATION RESULTS
In this section we will show and discuss simulation results with different approaches of including guard SCs and also with or without timing advance adapted to filter length. We consider that two users are allocated resources next to each other in the frequency domain, only separated by 2 guard SCs. The SB size is 48 SCs for both users. We compute uncoded BER for AWGN channel while FER is more relevant and thus computed for fading channel. In case of applying coding, information bits are encoded by LTE compatible turbo codes with code rate of 0.3 and are QPSK modulated. We assume half a symbol transmission timing misalignment between the two users to account for a worst case timing offset in asynchronous uplink. The power ratio of the two users' signals observed at the receiver is varied as a parameter in order to investigate how the performance of the user of interest is affected by the different relative strengths of the interfering signal, where the signal of interferer is stronger than that of user of interest by P dB.
Figs. 7 and 8 illustrate the performance of allocating guard SCs inside or outside the filter passband. Uncoded BER and FER performance are, respectively, simulated on an AWGN channel and on an EPA channel with mobility of 3 km/h. We can observe in both results that the proposed approach a) outperforms the other approach b) for the interference power of up to 10 dB higher than the user of interest although the new approach keeps the system design much simpler. This observation is valid for the FER performance on EPA channel for 20 dB higher interference, but the approach a) degrades the uncoded performance on AWGN channel for high SNR values and the approach b) results in the better performance. For extremely high interference of 40 dB the approach b) performs better than the proposed approach a), but the both performance are not satisfactory for such strong interference. The observations are aligned with the analysis in Section III.
Figs. 9 and 10 show, respectively, uncoded BER on AWGN and FER on EPA channel with mobility of 3 km/h with or without adapted timing advance depending on the filter used when two users apply filter lenghts of 512 and 256. Clear gains with adapted timing advance can be observed.
V. CONCLUSIONS
In this letter, we proposed a solution to maintain the regular resource grid structure for F-OFDM when block sub-filtering is flexibly adapted per subband to accommodate diverse service requirements. Using computer simulations, we showed that the proposed solution, despite its simplicity, efficiently keeps the system design simple by maintaining a regular resource grid structure.
It should be noted that, although the focus of this letter was on F-OFDM, the proposed solution of keeping the regular grid by allocating guard bands inside PRBs as illustrated in Fig. 2(c) is also applicable to other waveforms such as windowed OFDM [5] , [6] .
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